The physicochemical and tribological studies of mineral and synthetic commercial engine oils have been carried out to investigate their performance variability and to propose generalized relationship among different physicochemical and performance parameters. Physicochemical parameters have been determined using standard test procedures proposed in ASTM and Indian Standards (BIS). The rheological parameters of these lubricants have been investigated to identify the flow behavior. The tribological performance in terms of their antifriction and antiwear properties has been studied using four-ball tribotester. Correlation and regression analysis has been performed to ascertain relationship among physicochemical and tribological parameters and the causes of performance variability are highlighted. An empirical relation to calculate coefficient of friction as a function of physicochemical properties has been established using regression analysis. The developed relation has fair degree of reliability, as percentage of deviation is less than 20%.
Introduction
Lubricants play a vital role in present day automotives. The engine oils in particular lubricate all the critical parts of IC engines. They not only reduce friction and wear between the moving parts but also dissipate frictional heat generated between the contacting parts of the engines [1] . The engine oils are basically formulated using base oil and additive package. The chemistry of formulated engine oil by and large determines its physicochemical properties and also the in situ tribo performance behavior. The physicochemical properties like viscosity, density, TAN (total acid number), TBN (total base number), and sulphated ash are considered to be important characteristic properties of the engine oils. These properties provide information on general applicability of engine oils. Along with physicochemical properties, the flow behavior of engine oils is also an important aspect. The flow behavior of engine oil is dependent on the rheology of the oil and, therefore, it is very much essential to have a thorough knowledge of the rheological behavior of the lubricants [2] .
The lubricants on the basis of their rheological behavior are characterized as Newtonian and non-Newtonian fluids. The fluids with molecular mass less than 1000 kg/mol show Newtonian behavior at low pressure and shear stress [3] . Recently it has been reported that the non-Newtonian behavior of lubricants results into improved load carrying capacity and reduced contact friction in hydrodynamic porous journal bearings [4] . The engine oils exhibit viscoelasticity under non-Newtonian flow condition and show time dependent strain [5] . Viscoelasticity results in shear thinning of lubricants. Therefore, the viscosity of engine oil is considered to be one of the major rheological parameters that have profound influence on the lubricant performance behavior. Thus, the physicochemical properties and rheological and tribological behavior of engine oils are interdependent.
Tribology is the study of friction and wear of the machine parts. Lubricating oil forms a thin film between the surfaces 2 Advances in Tribology that separates adjacent moving parts and minimizes the direct contact between them. As a result of this, the heat generated due to frictional heating decreases. Efficient lubrication aids in wear reduction, thus protecting the engine components from frequent failures. On the basis of the ratio of lubricant film thickness to the composite surface roughness of the contacting surfaces, different lubrication regimes ranging from boundary to hydrodynamic lubrication may occur. These lubrication regimes have dependency on the contact pressure and on the surface velocity of the surfaces in contact [6] . In this context, experimental-statistical methods have been extensively used to characterize friction in dry contact and second-order polynomial equation established for coefficient of friction [7] . In another attempt differentiation between API GL performance levels of automotive gear oils was conducted using tribological tests on four-ball and crossed-cylinder wear test apparatus. The statistical analysis performed has revealed the differentiation in performance levels of automotive gear oils [8] .
Interrelationship among various physicochemical and tribological parameters can be an effective tool to understand the behavior and performance variability of lubricants. Various attempts have been made to establish empirical relations among physicochemical parameters using mathematical/statistical techniques. In this context, variation in tribo performance of commercial engine oils was studied and correlations between tribological parameters like friction and wear with physicochemical properties were established [9] . Similarly empirical relations were established between temperature and absolute viscosity for lubricants derived from seed oils [10] . In order to predict the tribological properties an algorithm called phenomenological and predictive model was developed for organic sulphide based lubricants. The model was validated using experimental data on weld load using four-ball machine [11] . Over the years, it has been observed that the theoretical models have been used to rationalize experimental data on the physicochemical properties of binary mixtures of vegetable oils with various classes of mineral base oils [12] . Moreover, multivariable statistical analyses techniques have been used for predicting the pressure viscosity coefficient of lubricants using NMR experiments [13] .
A number of studies have been carried out in the past on determining and establishing the dependency among different lubricant parameters since Barus established a relation between viscosity and pressure by introducing pressure viscosity coefficient " " [14] . In the recent past comprehensive characterization of lubricating fluids of same viscosity but different additive and base stock compositions was performed to investigate the frictional behavior, thermophysical and rheological properties, and mechanical efficiency in hydraulic motors [15] . The lubricant viscosity is temperature dependent. Studies have been carried out to establish the dependency of temperature and other parameters on viscosity of engine oil. Relationship between shear dependent viscosity, temperature, and pressure for polymer thickened lubricants was also established [16] . It has been reported that better rheological behavior with temperature leads to better tribological performance [17] .
On the basis of literature review carried out it is observed that attempts have been made to develop dependencies among various characteristic properties of the lubricants. However, no comprehensive dependency in the form of empirical relations between the physicochemical properties and tribological performance of the engine oil exists. Hence, in the present work attempts have been made to investigate the relations between the physicochemical properties and the tribological performance of engine oils. The study has been performed on commercial engine oils and the characteristic properties pertaining to physicochemical, rheological, and tribological performance determined. The performance parameters were then correlated using correlation and regression analysis to establish dependency relations among them. The study will aid the lubrication and maintenance engineers in selecting appropriate parameters for the successful operations of the engines.
Experimental
2.1. Lubricant Selection. In this study, five different commercial engine oils coded as L 1 , L 2 , . . . , L 5 have been considered. The details of the selected lubricants are given in Table 1 . The motive behind selecting the said lubricants is to understand the performance behavior of lubricants presently available in the market and establish relations among their characteristic properties and performance behavior.
Lubricant Characterization.
The selected lubricants have been characterized for their physicochemical properties, rheological behavior, and tribological performance. The physicochemical properties provide the basic qualitative information on the products selected while the rheological and tribological behaviors provide the information on performance of the lubricants. The TAN measures the presence of organic and strong inorganic acids in the oil and is an indicator of oil oxidation that may lead to corrosion of the components. TBN Advances in Tribology 3 being the measure of basic components represents the ability of oil to neutralize acids produced in it during normal use. Similarly, sulphated ash represents the amount of metallic elements derived from the detergent and antiwear additives of the oil. The additive packages contain elements like calcium, magnesium, zinc, molybdenum, phosphorus, and so on that help in enhancing the performance of the engine oil.
Physicochemical Properties.
The physicochemical properties such as density, viscosity, viscosity index, sulphated ash, total acid number (TAN), and total base number (TBN) have been determined using standard test procedures proposed in ASTM and Indian Standards (BIS). The metallic elements present in the additive package have been determined using the Inductively Coupled Plasma Atomic Emission Spectrometer (ICPAES), model: PS 3000 UV (DRE), Leeman Labs Inc. (USA).
Rheology.
The variation of rheological parameters (viscosity, shear stress, and torque) with temperature has been investigated using RHEOPLUS/32 MCR 302 from Anton Paar Austria. The rheometer capable of performing rheological studies in rotational or oscillatory mode consists of an EC motor with a torque range of 10-200 mNm. The experiments have been performed using concentric cylinder geometry as shown in Figure 1 . The clearance space between the concentric cylinders was filled with the lubricant to be tested and the inner cylinder was rotated with the help of a spindle at the desired speed. Two different sets of experiments were performed to determine the variation of coefficient of viscosity with temperature and the shear rate. The first set of rheology experiments was performed at a constant shear rate of 10/s and the temperature was varied from 20 to 50 ∘ C with variation rate of 4 ∘ C per minute. The variation in coefficient of viscosity with temperature was monitored and recorded. In yet another experiment, the shear rate was varied from 1 to 100/s at room temperature and the variation in coefficient of viscosity with shear rate was monitored and recorded.
Tribology.
Tribological performance tests have been conducted on four-ball tribotester (FBT) using the standard wear test procedure as mentioned in ASTM D: 4172B. The FBT used in the present study is shown in Figure 2 .
(1) Friction Analysis. The FBT machine assesses antiwear and antifriction properties of lubricants. For this the FBT utilizes a four-ball sliding contact geometry formed in between four balls each of diameter 12.7 mm. The four balls are assembled in a tetrahedron with bottom three balls fixed in the ball pot while the fourth ball mounted on the vertical shaft is free to rotate at predefined spindle speed. The lubricant to be tested is introduced in the stationary ball pot forming thin lubricating film between the bottom three and the top ball. The contact friction in terms of friction torque is continuously recorded during the entire test duration.
(2) Wear Analysis. The contact wear in terms of wear scar diameter is measured at the end of the test using an industrial apochromatic microscope. The friction torque is later converted into coefficient of friction using empirical relations. Each lubricant is tested twice and the wear scar diameter (WSD) along the vertical and horizontal axis is measured for all the bottom three balls, thus providing 12 readings for a given lubricant. The average of the 12 readings is reported as the wear scar diameter.
The experiments are performed on balls made up of AISI chrome alloy standard steel number E-52100, grade 25 EP (extra polish). The test conditions used are given in Table 2 .
Postexperimental investigations on the used test specimens were performed to investigate the mode and mechanism of wear. Further, the capability of additives to form boundary layers on the test surface was investigated using scanning electron microscopy (SEM) using FESEM from FEI Netherlands model Quanta 200F fitted with EDX system.
Results and Discussion

Physicochemical Analysis of Lubricants.
The results for the measurements carried out on the physicochemical properties of the lubricants are given in Table 3 .
It is evident from Table 3 that commercial engine oils are nearly similar in their physicochemical characteristics. The density of these lubricants is of the order of 0.8 g cm −3 , Table 3 : Physicochemical properties of the lubricants. irrespective of the brand of lubricant and the nature of base oil (mineral/synthetic). The tested lubricants have VI > 110. However, the synthetic lubricants have very high VI of above 160. A high VI is very much desired so that there is lesser variation in viscosity with change in temperature. The TAN, TBN, and sulphated ash are higher for synthetic oils. This may be due to the presence of higher concentrations of additives in them. The TAN values are fairly in the range of 0.5-2.25 for the selected lubricants. The synthetic lubricants with low viscosity at 40 and 100 ∘ C possess a very high VI. This may be due to the presence of VI modifiers in the oil. The TBN values for the oils are in the range of 9-15 mg KOH/g, with synthetic oils having high TBN values. The sulphated ash content is almost similar around 1% wt for all the selected lubricants.
The results for the trace metal analysis are given in Table 4 . The results reveal the presence of very high concentrations of extreme pressure additives containing elements like zinc, phosphorous, and molybdenum. The synthetic oils show high concentrations of Zn and P and almost negligible Mo. Among the selected lubricants, L 2 has highest additive concentration with Zn = 977, Mo = 93, and P = 894 mg/l. The presence of zinc, molybdenum, and phosphorus has a direct influence on the friction and wear behavior of the lubricants.
Rheological Investigations
Variation of Viscosity with
Temperature. The variation in dynamic viscosity with temperature is shown in Figure 3 . It is observed that the coefficient of viscosity decreases monotonically with increase in temperature. As shown in The variation of viscosity with temperature for the selected lubricants with the help of curve fitting technique is found to obey Reynolds' equation [18] given by
where 0 is the dynamic viscosity at atmospheric pressure and is absolute temperature. Table 5 . The values of " " for the lubricants are close to less than 1 representing shear thinning behavior of the lubricants. This further confirms that the lubricants represent non-Newtonian behavior.
Variation of Viscosity with Shear Rate.
The variation of viscosity with shear rate is shown in Figure 5 . As observed from Figure 5 the viscosity initially decreases with increase of shear rate. This behavior is observed at lower shear rates, that is, shear rate < 10/s. At higher shear rates there is no significant variation and the coefficient of viscosity is almost constant over the entire range of shear rate. The lubricant L 1 shows the largest variation of viscosity with shear rate and L 2 the least. Beyond shear rate of 10/s the viscosity is almost independent of shear rate. Decrease of viscosity with shear rate is more pronounced for L 1 showing more shear thinning and hence more viscoelastic behavior. Small values of dynamic viscosity for L4 and L5 are attributed to their synthetic origin and having SAE grade 5W-40. 
Tribological Investigations.
The tribological performance of lubricants is defined in terms of their friction and wear behavior. Figure 6 shows the variation in coefficient of friction for the lubricants over the entire experimental duration. It is observed from Figure 6 that the coefficient of friction increased during the early stage of experiment and later on remained almost constant. Due to the initiation of the wear scar the coefficient of friction increased in the early stage; later on due to the rubbing wear the coefficient of friction became almost constant. The kinetic friction, that is, the coefficient of friction at the end of the test, is the highest for lubricant L 1 ( = 0.1429) and lowest for lubricant L 2 ( = 0.1155). This behavior of lubricants can be attributed to the presence of extreme pressure and antifriction additives. Lubricant L 1 has relatively lower concentrations of Zn and P as evident from Table 4 , while L 2 has got the highest concentration of these elements. In case of synthetic base lubricants, the friction coefficient of = 0.0890 and = 0.0881 is observed for lubricants L 4 and L 5 , respectively. Though synthetic oils possess a very low viscosity, yet higher concentrations of Zn and P present in them enhance the film forming capability of these oils at the given test load, hence decreasing the friction coefficient when compared with the mineral based lubricants. The lubricants are often blended with zinc dialkyl dithiophosphate (ZDDP) as multifunctional additive. The Zn and P resent in this additive form the polar moieties which are able to adhere on the steel surface and protect the surface from damage. This adsorbed layer of additive is known as boundary film which under pressure (applied load) gets strengthened, thereby reducing the friction and wear.
Friction Behavior.
Wear Behavior.
The wear scars as observed on the ball test specimens are shown in Figure 7 . The morphology of wear scar reveals normal rubbing wear within the contact. The rubbing marks are distinctly visible along the sliding direction.
For a better comparison of test results, the coefficient of friction and WSD is tabulated in Table 6 . The lubricant L 4 reported the best antiwear performance with WSD of 0.391 mm, while the lubricant L 2 reported the poorest performance with WSD of 0.746 mm. Figure 8 shows the SEM micrographs of used ball test specimens. The SEM micrographs reveal that the wear surfaces have undergone normal rubbing wear under the influence of load in the sliding direction. The wear tracks observed are parallel to the direction of sliding. The lubricant L 4 and L 5 show a smoother surface with some edge serrations along the wear track. The surface smoothening must have occurred due to the rubbing of the asperities under the applied load. Similarly the micrograph for L 2 lubricated specimen shows severe wear with small micropits. It also shows scuffing on the surface. The L 1 lubricated specimen has smooth wear tracks representing smoothening of surface asperities. Also the wear associated with this lubricant is very low due to this smoothening action. The L 3 lubricated specimen shows rigorous scuffing on the steel surface. The scuffing marks are deeper and hence a larger wear scar diameter is observed with this lubricant. The SEM micrograph for the L 3 lubricated specimen reveals some surface distress with scuffing in the direction of sliding. The surface damage is observed in the form of nonuniform removal of material from the surface.
Postexperimental Analysis.
The EDX analysis for the specimens reveals the presence of elements like zinc, sulphur, phosphorus, and so on, which signifies that a thin boundary layer of lubricant is formed on the steel surfaces. The boundary films formed with the help of extreme pressure additives help in protecting the surfaces from further damage. 
Correlation Analysis.
Correlation analysis predicts the association between two or more variables and infers the strength of the relationship among them. The value of correlation coefficient " " reflects the extent to which the two individual variables are related [19] . The value of ranges between −1 and +1. +1 value indicates perfectly positive correlation while −1 indicates perfectly negative correlation. The " " is determined with the help of (i) covariance Cov( , ) between any two variables that measures the variability of the ( , ) pairs around the mean of and mean of and (ii) sample variances of and , that is, 2 and 2 that represent the variability of -scores and -scores around their respective sample means and , respectively. Thus, the " " is calculated using the formula
The lubricant properties given in Table 3 and the performance characteristics given in Table 6 have been therefore used to determine the correlation coefficients. Table 7 gives the correlation coefficients obtained using correlation analysis among different physicochemical and tribological parameters.
On examining the correlation coefficients of physicochemical and tribological properties, it is observed that the kinematic viscosity at 40 ∘ C has a positive correlation coefficient of 0.83 indicating that density affects viscosity directly. Positive correlation of 0.92 between metal additive Mo and density and of 0.95 between Mo and kinematic viscosity at 40 ∘ C shows that Mo affects the density and kinematic viscosity of the lubricant positively. Very high positive correlation coefficient of 0.94 between VI and TBN is a clear indicator that more neutralization of acid produced improves the VI of oil, thus prolonging the operational life. Trace metals Zn and P have very high value of correlation coefficients 0.96 and 0.98, respectively, with TAN indicating that though they improve the performance of the oil, yet they cause increase in lubricant acidity. This subsequently leads to increase in friction as interaction between the surfaces enhances oxidation and oxides in general get adsorbed on the surface [20] . Negative correlation of significance between WSD and TAN with value −0.55 and between COF and TAN with value −0.84 indicates that the increase in the value of TAN does not affect COF and WSD as TBN also has strong negative correlation of −0.92 with COF and −0.91 with WSD. It means the formation of acids in the process is combated by the presence of bases in the additive package. Strong positive correlation of 0.82 is incidental as it is a proven fact that they are almost unrelated as some lubricants give antifriction properties while others only give antiwear properties.
Regression Analysis for Lubricant Properties.
Regression analysis has been performed for estimating the causal relationships for coefficient of friction and WSD with the physicochemical characteristic properties. Linear regression is the technique used for establishing causal relationship between a dependent variable and two or more independent variables. This helps to establish a relationship between the parameters of interest. The dependent variable, coefficient of friction ( ), and independent variables, density @ 15 ∘ C ( ), kinematic viscosity @ 40 ∘ C (] 40 ), and TAN, for the selected lubricants are given in Table 8 .
The first-order multiple regression model was implemented on the data given in Table 8 and the regression statistics was established. The regression statistics involved determination of the values for correlation coefficient (
2 ) and the standard error ( ). The values obtained in the present analysis are 2 = 0.82 and = 0.01 representing strong relationship among the variables. Subsequently ANOVA (analysis of variance) was performed to determine the level of variability within the regression model. The significance and parameters, namely, degrees of freedom (df), sum of squares (SS), and the mean square (MS), obtained from ANOVA are given in Table 9 .
Inference for multiple regression was later drawn by fitting a linear equation to the observed data. The least square fit was assumed and the line residuals were determined. The test statistics, that is, the ratio of slope and standard deviation in each observation, is given in Table 10 . The value of inference provides the probability value associated with the two-sided test.
After determining the coefficient of intercepts and independent variables the regression equation is written in the linear form as 
where is density at 15 ∘ C, ] 40 is kinematic viscosity @ 40 ∘ C, and TAN is total acid number. Significance (Table 10) for relation (4) is 0.005098 which is much less than 0.1, signifying that the formula is more reliable.
Conclusion
In the present study, experimental investigations have been carried out to study the performance variability and establish a correlation between the characteristic properties of engine oils. The experiments have been performed to investigate the physicochemical, rheological, and tribological properties of mono-and multigrade engine oils of different API performance standards. Thus, on the basis of the investigations made, the following broad conclusions are drawn: Total sum of squares.
